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is well ordered in the structure of Ras bound to GTP
analogs (GMPPNP or GMPPCP), but switch II still exists
in multiple conformations (Ito et al., 1997). The switch
II of Ras bound to GTP undergoes a disorder to order
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In this study, the effects of high concentrations ofRaleigh, North Carolina 27695
organic solvents on the structure of switch II of Ras are
explored as a first step in the use of cosolvents for
ordering short dynamic segments of proteins so thatSummary
they may be visualized by X-ray crystallography. The
study of proteins in organic solvents is well representedRoom temperature crystal structures of crosslinked
in the literature (Mattos and Ringe, 2001). Alcohols haveH-Ras bound to GMPPNP were solved in 50% 2,2,2-
received particular attention because they are solubletrifluoroethanol, 60% 1,6-hexanediol, and 50% isopropa-
in water and have varying effects on peptide and proteinnol. The disordered switch II region of Ras is ordered
structure (Buck, 1998). In general, alcohols are believedin the presence of 2,2,2-trifluoroethanol or 1,6-hex-
to denature proteins due to disruption of the hydropho-anediol. The overall backbone conformation of switch
bic core while enhancing formation of local H-bondingII in these organic solvents is the same as in the Ras-
interactions, which are optimized in  helices. The effec-GMPPNP complexes with RalGDS, PI3 kinase, and Ras-
tiveness of alcohols in stabilizing  helices increasesGAP, indicating a biologically relevant form. Key polar
with the length of the hydrocarbon and the extent ofinteractions that stabilize the ordered switch are en-
halogenation and decreases with the number of hy-hanced in the presence of hydrophobic cosolvents.
droxyl groups (Hirota et al., 1998). In the present study,These results suggest that hydrophobic solvents can
the denaturing effects of three alcohols were minimizedbe used in general to order short biologically relevant
by crosslinking Ras in the crystal. The ability of eachsegments of disordered regions in protein crystals by
alcohol to enhance local polar interactions within switchfavoring H-bonding interactions between atoms that
II parallels its known efficacy in inducing helical struc-are highly solvated and mobile in aqueous solution.
tures in peptides. Where the presence of organic sol-
vents induced an ordering of the switch, comparison
Introduction with the well-ordered switch II of Ras in published com-
plexes with protein binding partners indicates a biologi-
The visualization of disordered regions in protein crystal cally relevant conformation.
structures has been a long-standing problem. This is
particularly significant because in many proteins the
most biologically relevant areas are found in short seg- Results and Discussion
ments containing residues in multiple conformations.
The Ras GTPase is an excellent example of a protein in The crystal structures of the C-terminal truncated form
this category, and was chosen as a model to study the of Ras (H-Ras 166) bound to GMPPNP were solved at
effects of organic solvents on short disordered seg- room temperature in aqueous mother liquor, in 50%
ments within the context of the native protein structure. 2,2,2-trifluoroethanol (TFE), in 50% isopropanol, and in
Ras is involved in cascades of protein-protein interac- 60% 1,6-hexanediol (Table 1). The Ras protein was cross-
tions that lead to a variety of cell processes (Herrmann, linked in the crystal with glutaraldehyde before transfer
2003). It binds downstream effector proteins when in the to the organic solvents. The data were collected at room
GTP-bound state and switches to an inactive form when temperature so that the effects of the organic solvents
bound to GDP. Interactions with guanine nucleotide ex- on the structure of Ras could be distinguished from
change factors (GEFs) release bound GDP, allowing the those resulting from cryogenic conditions.
more abundant GTP molecule to bind and turn the signal Isopropanol was included in this study because it is
on. GTPase activating proteins (GAPs) enhance the one of the smallest alcohols that can be easily distin-
intrinsically poor GTPase activity of the signaling mole- guished from water molecules in electron density maps.
cule, resulting in hydrolysis of GTP to GDP, turning the The analysis of bound organic solvent is important in
signal off. Superposition of the GDP- and GTP-bound determining whether the observed effects are due to
structures shows that they differ only in the two regions explicit binding of the molecules or to bulk properties
associated with the molecular switch: switch I, composed of the solvent. TFE was chosen as a representative of
of residues 32–38, and switch II, with residues 59–72. the halogenated alcohols because of its extensive use
The crystal structure of Ras-GDP shows significant dis- in the study of peptides and proteins (Buck, 1998). Fi-
order in both switch regions, as indicated by the lack of nally, 1,6-hexanediol represents a water-miscible alco-
well-defined electron density (Tong et al., 1989). Switch I hol with a relatively long hydrocarbon chain.
The crosslinked Ras crystals soaked in organic sol-
vents showed no significant change in unit cell parame-*Correspondence: carla_mattos@ncsu.edu
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Table 1. Data Collection and Refinement Statistics
Solvent % in Water Aqueous 50% TFE 50% ISO 60% HXD
Space group P3(2)21 P3(2)21 P3(2)21 P3(2)21
a  b  40.2 A˚ a  b  40.3 A˚ a  b  40.1 A˚ a  b  40.4 A˚
c  161.4 A˚ c  161.3 A˚ c  161.9 c  161.7 A˚
    90     90     90     90
Unit cell   120   120   120   120
Temperature RT RT RT RT
Resolution (A˚) 2.0 2.4 2.0 2.3
# Reflections 10,789 5,814 10,423 7,088
Completeness (%) 99.0 95.2 95.9 96.4
R factor/R free (%) 20.0/24.5 18.7/22.5 21.2/24.8 20.1/25.0
Bond length (A˚) 0.0051 0.0069 0.0052 0.0064
Bond angle () 1.12 1.28 1.13 1.15
Dihedral angle () 22.5 23.9 22.7 22.7
Average B factor A˚2 20.3 33.4 27.1 32.1
# Protein atoms 1269 1323 1273 1318
# Magnesium atoms 1 1 1 1
# Nucleotide molecules 1 1 1 1
# Water molecules 99 35 107 47
# Organic solvent molecules 0 1 3 1
Ras structures solved at room temperature in aqueous mother liquor and in the presence of organic solvents. Aqueous, aqueous mother
liquor; TFE, 2,2,2-trifluoroethanol; ISO, isopropanol; HXD, 1,6-hexanediol; RT, room temperature. R factor  |Fo  Fc|/Fo.
ters that might have resulted from the change in solvent of side chains that are already ordered in aqueous solu-
tion. In a few instances, significant conformationalenvironment. The crosslinking is random, with no indica-
tion of the crosslinker segments in the electron density changes do occur with changes in solvent environ-
ments, and there are cases where solvent-exposed sidemaps. Furthermore, the crosslinking does not perturb
the protein structure, as seen from the fact that the chains that are disordered in aqueous solution become
ordered in the presence of organic solvents. An examplecrosslinked structure of Ras crystals in aqueous solution
is indistinguishable from that of the native crystals (not is the formation of a new salt bridge between Arg135
and Asp132 in 50% TFE that is not present in aqueousshown). In the organic solvents, the overall structure of
Ras is also the same as in aqueous mother liquor, with mother liquor. In general, the trends observed for Ras
in the presence of organic solvents center around theroot-mean-square deviations in the range of 0.3–0.5 A˚
for all atoms. A comparison of each residue across the enhancement of local polar interactions between protein
atoms, consistent with the effects observed for peptidesthree solvent environments, however, revealed adjust-
ments of charged or polar side chains that maximize in some alcohols and in particular TFE (Buck, 1998;
Hirota et al., 1998).polar interactions between protein atoms while decreas-
ing the solvent-exposed surface. This effect is observed The most significant result due to enhancement of
local interactions in the presence of organic solvents isin the presence of TFE and of 1,6-hexanediol, but not of
isopropanol, and is mainly due to small rearrangements the ordering of the switch II region of Ras in 50% TFE
Figure 1. Electron Density for the Switch II Residues 59–67 in Ras Crystals
Soaked in 50% TFE (A) and 60% 1,6-hexanediol (B); and in aqueous mother liquor (C). The electron density in (C) is superimposed on the
model of switch II in the presence of TFE. The figures show 2Fo  Fc electron density maps contoured at 1.
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Figure 2. Organic Solvent Molecules Bound to Ras
(A) Ribbon diagram of Ras showing general positions of the solvent molecules. The GTP analog, GMPPNP, is in gold, the isopropanol molecules
are green, the TFE molecule is red, and the 1,6-hexanediol molecule is orange.
(B) Electron density for the organic solvent molecules from 2Fo  Fc maps contoured at 1. This figure was prepared using MOLSCRIPT
(Kraulis, 1991).
and in 60% 1,6-hexanediol. Figure 1 shows the electron for switch II in aqueous solution. The general effect of
the halogenated or hydrophobic alcohol is to shift thedensity for residues 59–67 in the presence of TFE (Figure
1A), 1,6-hexanediol (Figure 1B), and aqueous mother equilibrium from a dynamic sampling of several confor-
mations (Ito et al., 1997) to a predominant structureliquor (Figure 1C). In 50% TFE, electron density is pres-
ent for all of the backbone and most of the side chain that can be observed in the electron density maps. In
contrast, in the presence of isopropanol, this regionatoms of switch II. The situation is similar in the presence
of 1,6-hexanediol, except for a break in the electron remains largely disordered, with electron density similar
to that seen for the structure in aqueous solution.density at residue Ala66. There is only scarce density
Figure 3. Switch II in Organic Solvents and in Complex with Binding Partners
Switch II region in Ras from five models superimposed: in the presence of TFE and 1,6-hexanediol, and in complex with RalGDS, PI3 kinase,
and RasGAP. Nonpolar side chains are in yellow and polar side chains found in multiple conformations are in purple. Arg68 and Asp69 are
found in the same conformation in all models and are represented in green.
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One molecule of TFE, one molecule of 1,6-hexanediol, water appears to be sufficient to induce the features in
this region common to the ordered conformations. Inand three molecules of isopropanol are observed in the
respective structures. Figure 2A shows the general posi- each case, there is an equilibrium shift from multiple
solvated conformations in aqueous solution to a clearlytions of these organic solvent molecules on the surface
of Ras, and Figure 2B shows the electron density for favored conformation due to local enhancement of polar
interactions within the switch in a less polar envi-each of the molecules. No explicit binding of TFE or 1,6-
hexanediol molecules is observed at or near switch II, ronment.
The effectiveness of the three alcohols used in thesuggesting that the ordering of the switch is due to
the bulk properties of the cosolvents, rather than to an present study to order the switch II in crosslinked Ras
crystals correlates with the propensities of these alco-induced conformation stabilized by explicit interactions
with bound solvent molecules. However, a definitive hols to induce  helices in free peptides. The haloge-
nated alcohols and those with longer hydrocarbonconclusion in this regard can only be achieved with
structures solved at high resolution (2 A˚ or better). As chains have been established as more effective than
smaller alcohols such as isopropanol (Hirota et al., 1998).can be seen in Table 1, there is a correlation between
the number of bound organic solvent molecules found The driving force in both the free peptides and switch
II of Ras appears to be the optimization of local polarin the electron density maps and the resolution at which
the structures were solved. This correlation is also valid interactions within the constraints of the system. In un-
constrained peptides or proteins, the native structure isfor the number of water molecules observed and is well
documented in the literature (Carugo and Bordo, 1999). denatured with the disruption of the hydrophobic core,
and  helices are formed which optimize local backboneIn the 2.3 A˚ and 2.4 A˚ room temperature structures
presented here for Ras in the presence of 1,6-hexanediol H-bonding interactions. Crosslinking the protein in the
crystal provides sufficient constraints so that the polarand TFE, respectively, only the most tightly bound sol-
vent molecules are expected to appear in the electron interactions must be formed within the native folded
conformation. In general, the crystal structures of pro-density maps. Therefore, a detailed analysis of solvent
structure is not warranted. teins solved in the presence of hydrophobic cosolvents
may be an informative complement to the structures inA comparison of the Ras-GMPPNP structures in 50%
TFE and in 60% 1,6-hexanediol with those of Ras- aqueous solution, particularly when functionally inter-
esting regions are at stake.GMPPNP in complex with the effectors RalGDS (Huang
et al., 1998) and PI3K (Pacold et al., 2000) as well as
with RasGAP (Scheffzek et al., 1997) shows that the
Experimental Procedures
overall backbone conformation of switch II is the same
in all five models (Figure 3). Some local shifts in main Expression and purification of H-Ras 166, as well as the exchange
chain atoms occur primarily around residues Ser65 and of GDP for GMPPNP, were done as previously described (Campbell
et al., 1998; Campbell-Burk and Carpenter, 1995). Crystals wereAla66, but the ordered forms of switch II found in the
obtained by the hanging drop vapor diffusion method using pub-five different environments have several features in com-
lished conditions (Scherer et al., 1989).mon. The initial part of the switch wraps around Arg68,
which can H bond to the backbone carbonyl groups of
Ala59, Gly60, Gln61, and Glu62. At the other end of Crosslinking and Transfer to Organic Solvents
Ras crystals were transferred to sitting drop plates containing athe switch, Asp69 interacts with the backbone carbonyl
solution of 1% glutaraldehyde in the crystallization buffer: 64 mMgroups of Ser65 and Ala66 in four of the models. In the
HEPES (pH 7.6), 25% PEG 1450, 5 mM MgCl2. The crosslinkingRas-GMPPNP/RasGAP complex, the H bond between
reaction was allowed to proceed at room temperature for 30 min.
Asp69 and Ala66 in Ras is not present. In all five models, Crystals were washed with 3 ml of the crystallization buffer without
Tyr71 and Met72 (yellow in Figure 3) form a hydrophobic glutaraldehyde. This solution was exchanged with one containing
base that packs against the aliphatic portion of the buffer and an organic solvent: 64 mM HEPES (pH 7.6) and either
50% isopropanol, 50% 2,2,2-TFE, or 60% 1,6-hexanediol. The ex-Arg68 side chain.
change was done in a stepwise fashion and the crystals were soakedResidues Arg68 and Asp69 (green in Figure 3) are the
for 2 hr in the final solutions containing organic solvents at theonly charged or polar residues in switch II that do not
concentrations specified above, before being mounted in quartz
interact with protein binding partners in any of the three capillaries for data collection at room temperature.
complexes. Instead, these two charged residues and
half of the switch II main chain carbonyl groups provide
Data Collection, Processing, and Structure Refinementa structural frame for the ordered switch, with strength-
Data were collected on a Mar345 phosphoimaging plate mountedened polar interactions between protein atoms in Ras.
on a GX-13 rotating copper anode running at 40 kV and 50 mA. TheThere are several residues protruding from this frame
exposure time was 600 s per frame. The oscillation angle per frame
toward the protein surface. Tyr64 and Met67 are hy- was 1 and the crystal to detector distance was 170 mm for all
drophobic residues that interact intimately with protein crystals. The data were processed using the HKL package (Otwin-
binding partners in the three complexes and are found in owski and Minor, 1997). Initial electron density maps were calculated
using a published model of Ras (Protein Data Bank ID code 121P)very similar conformations in all but the Ras-GMPPNP/
with the switch II residues, the nucleotide, the Mg2	, and all waterRasGAP model, where Met67 is in a different orientation.
molecules removed. The models were refined with CNS (Brunger etFive polar residues, Gln61, Glu62, Glu63, Ser65, and
al., 1998) using a maximum likelihood target function and all data.Gln70, are found in unique conformations in each of the
Water and organic solvent molecules were identified using Fo  Fc
Ras structures (purple in Figure 3). While each protein electron density maps contoured at the 3 level and added during
binding partner or organic solvent does modulate the the course of refinement. The organic solvent positions were vali-
dated using previously published strategies (English et al., 1999).detailed features of switch II, the partial shielding from
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